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Summary 
The first constant domain (CHl) of immunoglobulin 
heavy (H) chains is essential for BIP-mediated reten- 
tion of unassembled H chains in the endoplasmic retlc- 
ulum (ER). Here, we demonstrated that both wild-type 
and a mutant 7 chain lacking the C&l domain bind BiP 
when they are reduced In vivo. However, only oxidized 
mutant H chain dimers are released from BIP interac- 
tion, whereas oxidized wild-type 7 chain dimers still 
bind BiP. In light (L) chain-producing cells, some of 
the mutant H chains accumulate with L chains in ER- 
derived vesicles and some are secreted as IgG. Fur- 
thermore, only half of the secreted antibodies bind an- 
tigen. We found the same with a mutant 7 chain, in 
which the C&l domain was replaced by a Cn3 domain. 
Therefore, we propose that BiP interaction with Incom- 
pletely folded Cnl domains is required to mediate cor- 
rect assembly of H and L chains. 
Introduction 
In many respects, antibody molecules represent ideal 
model proteins to study the in vivo process of protein fold- 
ing and assembly. First, antibodies are natural compounds 
formed and assembled in the endoplasmic reticulum (ER) 
of lymphoid cells. Second, antibody molecules are com- 
posed of different subunits, the immunoglobulin heavy(H) 
and light(L) chains, which offers the possibility to analyze 
the intracellular fate of single polypeptide components of 
multimeric proteins. More importantly, the quality of the 
assembly process can be assessed by examining the anti- 
gen binding property of the paired N-terminal variable do- 
mains of the L (V,) and H (VH) chain molecules. 
In the absence of immunoglobulin L (IgL) chains, IgH 
chains are not exported from the ER but are associated 
with the IgH chain binding protein, BiP (Haas and Wabl, 
1983) a constitutively expressed soluble ER resident that 
is a member of the heat shock protein 70 (hsp70) family 
(Bole et al., 1988; Munro and Pelham, 1988; Haas and 
Meo, 1988). BiP binding and ER retention of 7H chains 
in the absence of L chains was no longer observed when 
the H chains lack the first constant domain (CH1), indicat- 
ing that BiP binding to the CH1 domain serves to prevent 
secretion of unassembled H chain molecules (Hendershot 
et al., 1987). Although the CH1 domain usually is involved 
in covalent L chain association, its lack does not prevent 
mutant H chains from pairing with L chains (Secher et 
al., 1977; Hendershot et al., 1987; Valetti et al., 1991) 
suggesting that the CH~ domain is not required for the 
formation of antibody molecules (Hendershot et al., 1987). 
However, it is obvious that the lack of a H chain constant 
domain obstructs the overall structure of the resulting anti- 
bodymolecule(Shulman et al., 1982; lgarashi et al., 1990) 
which might explain why the expression of mutant p H 
chains that lack the CH~ domain in L chain-producing cells 
induces a phenotype reminiscent of “Mott” cells in which 
IgM is not secreted but rather aggregates intracellularly 
inside of ER-derived vesicles (Valet8 et al. 1991). Appar- 
ently, this phenomenon depends on covalent immuno- 
globulin oligomerization, since conditions that prevented 
IgM pentamer formation reversed the Mott cell phenotype 
and led to the secretion of monomeric antibodies (Valetti 
et al., 1991). The fact that such mutant antibodies can 
bind antigen (Valetti et al., 1991) and exhibit the same 
affinity as wild-type molecules (Igarashi et al., 1990) indi- 
cates that the CH1 domain has no influence on VH and VL 
domain pairing. All together, these data might suggest that 
BiP interaction with the CH1 domain of the H chain is not 
important for the intracellular process of antibody for- 
mation. 
This view is in conflict with the notion that BiP, as a 
molecular chaperone, is involved in the physiological pro- 
cesses of immunoglobulin chain folding and assembly 
(Haas, 1991), which issupported by several findings. First, 
in contrast with H chains released from BiP, IgH chains 
that are associated with BiP seem to exhibit some unfolded 
portions as revealed by protease sensitivity experiments 
(Cremer et al., 1994). Second, BiP-bound H chains are 
capable of participating in the formation of complete anti- 
body molecules (Hendershot, 1990) which is in line with 
transient BiP interaction of H chains in L chain-producing 
cells (Bole et al., 1988). Furthermore, BiP also transiently 
interacts with all IgL chains that are secreted (Knittler and 
Haas, 1992) whereas nonsecreted Lchains remain bound 
to BiP as partially folded molecules (Knittler et al., 1995). 
From this point of view, intracellular aggregation of mutant 
antibodies might be indicative of abnormal cellular pro- 
cesses that occur when BiP action is affected. 
Here, we wanted to determine whether the C,.,l domain 
conferring BiP binding is critical in the formation of func- 
tional antibodies, which are correctly assembled antigen- 
binding IgG molecules. We, therefore, analyzed the fold- 
ing process of either wild-type or mutant H chains lacking 
the C”l domain in stably transfected hybridomas and in- 
vestigated the quality of the H and L chain assembly pro- 
cess by comparing the antigen binding properties of se- 
creted wild-type and mutant antibodies. 
In contradiction with the conclusions drawn from the 
experiments with mutant antibodies mentioned above, our 
data reveal that the CH~ domain has an essential function 
in controlling the in vivo formation of a homogenous popu- 
lation of functional IgG antibody molecules. 
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Figure 1. lmmunoprecipitation Analysis of Wild-Type and Mutant H 
Chains 
Stable transfectants of H62 (panels 1 and 2) or YE210 cells (panel 3) 
expressing either wild-typeT3(1), y3.ACnl(2), ory3.CH1+CH3chains 
(3) were biosynthetically labeled with [%]methionine for 1 hr before 
the cells were lysed. lmmunoprecipitations were performed from total 
cellular proteins containing 5 x 10 incorporated cpm using goat anti- 
mouse 73 antibodies in combination with protein A-Sepharose. The 
T3.CH3doubletseen in lane3representstwodifferent H chainglycosyl- 
ation forms, since only the lower band was detected when glycosyla- 
tion was prevented by tunicamycin (data not shown). The additional 
small protein revealed in lane 3 most likely resulted from an alternative 
splicing event that removed the last twodomainsof the y3.Cn3 H chain. 
Results 
To investigate the in vivo folding and assembly process 
of wild-type and mutant H chains, we established stably 
transfected cell lines that expressed either the murine y3H 
chain, a mutant y3H chain that lacked the Ckl domain 
(?3.AC%l), or a second mutant chain in which the CH1 
domain was replaced by a CH3 domain (y3.C.11 + C&3). All 
three expression vectors used for transfections encoded H 
chains that carry the VH domain of B1.8 antibodies (Reth 
et al., 1978) to allow assembly into antibodies that bind 
the hapten (4hydroxy-3-nitro-phenyl)acetyl (NP) when 
combined with the Xl L chains produced by J558L cells. 
Both Wild-Type and Mutant H Chains 
Interact with BiP 
To study the interaction of BiP with wild-type or mutant H 
chains, we used stably transfected cell lines that ex- 
pressed the various H chains in the absence of L chains 
to immunoprecipitate the H chains from lysates containing 
biosynthetically labeled proteins. As expected, BiP was 
coprecipitated with wild-type H chains (Figure 1, lane 1). 
BiP was, although to a much lesser extent, also coprecipi- 
tated with the two mutant H chains that lack the classical 
BiP-binding site, the CH1 domain (Figure 1, lanes 2 and 
3, respectively). The relatively low amount of coprecipi- 
tated BiP might be explained by only few mutant H chain 
molecules that bind to BiP under steady-state conditions, 
which is consistent with our finding that both mutant H 
chains are secreted (data not shown). Nevertheless, these 
results indicate that the CH1 domain is not the only BiP- 
binding site of yH chains. 
BiP Supports the Folding Process of Wild-Type 
and Mutant H Chains 
The low amount of BiP that coprecipitated with both mutant 
H chains indicates a transient chaperone interaction oc- 
curing during the folding of nascent H chains. If this is 
true, we should observe increased BiP binding when the 
H chains are prevented from complete folding by a block 
in disulfide formation, since the intrachain S-S bond pres- 
ent in immunoglobulin domains is important for stabiliza- 
tion of the three-dimensional structure (Glockshuber et 
al., 1992). Prevention of SH oxidation is achieved by the 
addition of millimolar concentrationsof dithiothreitol (CUT) 
to cells in culture, which induces the accumulation of re- 
duced molecules in the ER, an effect that is reversible 
upon removal of the reducing agent (Braakman et al., 
1992a, 1992b). 
We first established the conditions required to prevent 
disulfide bond formation completely in newly synthesized 
H chains by culturing cells in the presence of different 
DlT concentrations and analyzing the H chains by nonre- 
ducing SDS-PAGE and Western blots. In the absence of 
DlT, the majority of the newly synthesized mutant 
y3.C~lA chains appeared as monomers exhibiting differ- 
ent oxidation states and a few were recovered as cova- 
lently linked dimers (Figure 2, lane 1). The relative amount 
of disulfide-linked dimers was drastically increased when 
free cysteine residues were not protected from air oxida- 
tion (Figure 2, compare lanes 3 and 4) indicating that most 
of the H chains occur as noncovalently linked dimers. The 
steady-state distribution of the different H chain oxidation 
forms was already established shortly after the pulse, 
since the pattern of labeled y3.ACkl chains did not drasti- 
cally change during the chase. The DTT concentration 
reported to reduce influenza hemagglutinin completely (1 
mM; Braakman et al., 1992a) only led to a partial reduction 
of the newly synthesized y3.AC~l chains (Figure 2, lanes 
5 and 8). An essentially complete and reversible reduction 
of these H chains was obtained by culturing the cells in 
the presence of 5 mM DlT (Figure 2, lanes 8-10). 
Next, cells were pulse-labeled in the presence of DlT 
and chased in the absence of the reducing agent. The 
analysis of BiP or y chains immunoprecipitated from cells 
lysed directly after the pulse or from cells lysed after 15 
min of chase allowed us to monitor the interaction of the 
H chains with BiP during their transition from the reduced 
to the oxidized state. When BiP was immunoprecipitated 
directly after the pulse, a number of different polypeptides 
were coprecipitated (Figure 3a, lanes2 and 8). The amount 
of these polypeptides decreased in anti-BiP-precipitated 
material when the lysates were treated with ATP (Figure 
3a, lanes 1 and 7) indicating that most of the polypeptides 
were specifically associated with BiP. One of these BiP- 
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Figure 2. Reversible In Vivo Reduction of H 
Chains 
Stable transfectants of H62 cells expressing 
V3.AGl chains were pulse-labeled with 
[%Jmethionine in theabsence(lanes 1-4, lane 
11) or presence of 1 mM (lanes 5-7) or 5 mM 
(lanes 5-10) DlT. When indicated, DTT was 
also present during the first 5 min of chase and 
was then removed by washing the cells in DlT- 
free chase medium, whereafter the chase was 
continued in the absence of DIT. At the time 
points indicated, cells were lysed in the pres- 
ence (lanes l-2 and 5-l 1) or absence (lane 4) 
of NEM, the H chains immunoprecipitated, and 
the isolated materlaf separated by SDS-PAGE 
under nonreducing (NR) or reducing (R) condi- 
tions. The individual H chain forms were identi- 
fied in parallel by Western blotting (data not 
shown). The migration positionsof the reduced 
H chain (RED), of the various oxidized H chain 
forms (OX2 and 0X3, respective@) and of the 
H chain dimers (HZ) are indicated. Because of 
the inhibitory effect of 5 mM DTT on protein synthesis, approximately 5 x less total labeled material as compared with all other samples was 
available to perform the respective immunoprecipitations (lanes S-10). The increased signal intensity revealed for oxidized H chains most likely 
reflects preferential binding of the immunoprecipitating antibodies. 
bound polypeptides was the reduced y3.AGl chain be- 
cause it had the same electrophoretic mobility as the mate- 
rial isolated by anti-y antibodies (Figure 3a, lanes 2 and 
3, respectively). Furthermore, BiP seemed to isolate more 
reduced mutant H chains when compared with the effi- 
ciency of the anti-H chain antiserum. After 15 min of chase, 
the mutant H chains have formed intrachain and interchain 
disulfide bonds as revealed by an apparent smaller size 
of the monomers and the appearance of covalently linked 
immunoglobulin H chain dimers (Figure 3a, lane 6). BiP 
interaction seems to decrease with increasing chain oxida- 
tion because, in the chase sample, only a minor portion 
of the oxidized mutant H chain molecules and none of the 
covalently linked dimers coprecipitated with BiP. (Figure 
3a, lane 5). 
When the same pulse-chase analysis was performed 
with cells expressing the wild-type H chains, a different 
result was obtained. In contrast with the situation seen 
with the mutant H chains, BiP interaction with wild-type 
H chains did not depend on the H chain oxidation state, 
since immunoprecipitation of BiP coprecipitated reduced 
and oxidized H chains as well as covalently linked H chain 
dimers (Figure 3b, lanes 2 and 5, respectively). In this 
analysis, the pattern of the other labeled polypeptidesspe- 
cifically coisolated with BiP was very similar to that ob- 
tained from the analysis of the mutant H chains. 
From these results, we conclude that both mutant and 
wild-type H chains interact with BiP as long as they are 
in a reduced or incompletely folded state. Whereasthe ’ 
completely oxidized forms of the mutant chains are re- 
leased from BiP, the oxidized H chains that contain a C,i 
domain remain bound. These results suggest that, in the 
absence of L chains, mutant H chains that lack the Gl 
domain, in contrast with wild-type H.chains, fold into a 
mature structure that is no longer retained in the ER. 
Expression of Mutant yH Chalns in L Chain- 
Producing Cells Leads to the Formation of 
ER-Derived Vesicles Contalnlng Aggregated 
lmmunoglobulln 
The combination of the X,L chain synthesized by the my- 
eloma J558L and wild-type as well as mutant H chains 
should allow the formation of NP-binding antibodies (Reth 
et al., 1978). Stable cell lines were established that ex- 
press the endogenous Xl L chains in combination with ei- 
ther the wild-type H chain (J558L.73) or the shorter H 
chain that lacks the CH1 domain (J558L.y3.ACH1), or the 
mutant H chain (J558L.y3.CH1 + C,3) in which the C,,l 
domain was replaced by a CH3 domain. 
As determined by cytoplasmic double-immunofluores 
cence using fluorescein isothiocyanate (FITC)-labeled 
anti73 and TRITC-labeled anti-l antibodies, in contrast 
with the J558L.y3 cells (Figure 4A), both transfectants that 
express a mutant H chain showed an abnormal morphol- 
ogy (Figures 48 and 4C). Both L (Figures 4Bc and 4Cc) 
and H chains (Figures 4Bb and 4Cb) appeared to be 
concentrated in numerous intensely fluorescent vesicular 
structures of different sizes but also exhibited a reticular 
pattern, which is more pronounced for the L chains. The 
shorter H chain mutant seems to induce the formation of 
more densely packed vesicles, some of which were visible 
by phase contrast microscopy (Figure 48, compare a and 
b). The vesicles contained both H and L chains as indi- 
cated by the colocalization of FITC and TRITC-labeled 
structures (Figures 48 and 4C, compare rows b and c). 
’ &ast some of the H and L chains contained in the vesi- 
ties are assembled and exhibit correctly paired V-regions 
since, in both mutants, the vesicles were also stained with 
FITC-labeled NP-BSA or with fluorochrome-coupled 
‘monoclonal anti-idiotype antibodies (data not shown) such 
as Ac39 and Acl46 (Reth et al., 1979). Although the vesi- 
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Figure 3. BiP Interaction of Reduced and Oxi- 
dized lmmunoglobulin H Chains Bearing or 
Lacking a CH~ Domain 
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Stable transfectants of H62 cells expressing 
$3.ACnl chains (A) or wild-type $3 (B) were 
pulse-labeled with [?3]methiinine for IO min 
.in the presence of 5 mM DlT. To remove the 
reducing agent, cells were washed and cul- 
tured in achase medium containing 2 mM unla- 
beled methionine and 0.2 mM cycloheximide. 
Equal amounts of cells were isolated either di- 
rectly after the pulse or after 15 min of chase, 
washed in PBS, 20 mM NEM, and lysed in the 
presence of 20 mM NEM. When indicated, the 
lysates were incubated in the presence of 5 
mM MgATP to dissociate the BiP-ligand com- 
plexes. H chains or BiP were immunoprecipi- 
tated from equal amounts of total labeled 
proteins. Finally, the isolated material was ana- 
lyzed by SDS-PAGE performed under nonre- 
ducing (NR) or reducing (R) conditions followed 
by fluorography. 
Note that a protein of approximately 80 kDa 
apparent molecular mass appeared to copre- 
cipitate with BiP and with wild-type IgH chains 
directly after the pulse. As revealed bycompari- 
son of the nonreduced and reduced chase 
samples, this protein seems to be quantita- 
tively contained within the covalently linked 
high molecular mass aggregates coisolated 
with BiP. 
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cles in our mutants were of smaller size and were more 
numerous on a per cell basis, the phenotype is reminiscent 
of the pattern revealed in a J558L transfectant that ex- 
presses the lilL chain in combination with a uAC&l H 
chain (Valetti et al., 1991). Electron microscopic analysis 
indicated that the IgG containing vesicles, similar to the 
structures described by Valetti et al. (1991), derived from 
the ER, since we observed that some of the electron dense 
material also dilated the space between the inner and 
outer nuclear membrane (data not shown). 
The formation of immunoglobulin-containing ERderived 
vesicles may be induced by the aggregation of molecules 
composed of L chains and mutant H chains in the ER. 
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Therefore, we examined the occurrence of insoluble 
chains in cells expressing wild-type or mutant H chains. 
Cells were solubilized with nonionic detergent and the pro- 
teins contained within the soluble (12999 g supernatant) 
and insoluble (pellet) fractions were separated by SDS 
PAGE and analyzed on Western blots for the presence of 
H and L chains. When cells express wild-type H chains, 
essentially all H and L chains were detected within the 
soluble fraction (Figure 5A, compare lanes a and b). In 
contrast, only a fraction of the mutant H chains was found 
with the soluble proteins; approximately half of the total 
H chains was recovered as insoluble material from both 
transfectants that expressed H chains lacking a CH1 do- 
BiP-Mediated lmmunoglobulin Chain Assembly 
633 
Figure 4. Immunofluorescence Analysts of In- 
tracellular Wild-Type and Mutant H Chains in 
L Chain-Producing Transfectants 
Stable transfectants of J558L cells that ex- 
press either wild-type y3 (A), y3.ACH1 (B), or 
y3.CH1 - Cr.3 chains(C) were fixed on slides(a) 
and simultaneously stained with FITC-labeled 
antir3H chain antibodies (b) and TRITC- 
labeled anti-)cL chain antibodies (c). Note that 
some of the vesicles are apparent in the phase 
contrast picture shown in (B). 
main (Figures 58 and 5C). The insoluble fractions of both 
the J558L.y3.ACH1 and the J558L.y3.Cti1 -, CH3cellsalso 
contained small amountsof L chains. In fact, each of these 
fractions included a molar equivalent of H and L chains as 
deduced from a comparison with the Western blot staining 
pattern obtained for secreted wild-type IgG (compare Fig- 
ures 5B and 5C, lane b with Figure 6A, lane b). 
Because heat shock proteins are assumed to prevent 
protein aggregation, we examined whether BiP cofraction- 
ated with the insoluble immunoglobulin chains. No BiP 
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Figure 5. Solubility Studies of Wild-Type and Mutant H Chains Ex- 
pressed in L Chain-Producing Transfectants 
Stable transfsctants of J558L cells that express either wild-type y3 
(A), y3.ACH1 (B), or y3.Cnl - CH3 chains (C). were solubilized as 
described in Experimental Procedures. The soluble (a) and insoluble 
(b) fractions were analyzed for the presence of H (antiy3) and L chains 
(anti-k) by Western blotting. The equivalent of 4 x 106 cells was ana- 
lyzed for each of the transfectants. The cells analyzed expressed ap- 
proximately the same amount of H chains. 
was detected in an insoluble fraction that contained 
y3.ACH1 chains enough to detect BiP readily when coiso- 
lated with the same amount of wild-type y3H chains (data 
not shown). 
These results indicate that two different mutant H chains 
that lack a CH1 domain induce in the presence of endoge- 
nous L chains the formation of numerous H and L chain- 
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Figure 6. Analysis of Antigen-Binding Capacity of Wild-Type and Mu- 
tant lgG3 Molecules 
Cell culture supernatants of J558L cells that express either wild-type 
~3 (A), y3.ACH1 (B), or y3.CnltCH3 chains(C) were taken to perform 
consecutive precipitations. The Western blot stained with antibodies 
to H and L chains shows the immunoglobulin chains isolated by a 
first treatment with NP-Sepharose (b). a second treatment with NP- 
Sepharose (c), a consecutive treatment with protein A-Sepharose (d), 
a further treatment with protein A-Sepharose (e), and a final treatment 
with anti-i in combination with protein A-Sepharose (9. Control stain- 
ing was done on the respective cell lysates (a). Note that the apparent 
molecular weight of secreted H chains is increased as compared with 
that of intracytoplasmic immunoglobulin. The migration positions of 
H and L chains are indicated. 
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containing ER-derived vesicles of different sizes. This 
phenomenon is presumably due to the intracellular aggre- 
gation of assembled immunoglobulin chains, since at least 
part of the mutant yH chains as well as of the L chains 
was insoluble. The apparent molecular weights of soluble 
and insoluble IgH chains were identical, indicating that 
most molecules resided in the ER (Golgi modification of 
the sugar moieties would lead to a decrease in the electro- 
phoretic mobility of the H chains as observed with secreted 
IgG in Figure 6). 
Secretion of Antigen Binding and 
Nonbinding Antibodies 
Despite of their abnormal phenotype, both cell lines se- 
creted mutant IgG indicating that the intracellular aggre- 
gation is not an allor-nothing event but rather depends 
on the local concentration of misfolded proteins in the ER. 
We analyzed the secreted molecules with respect to both 
their assembly state and their antigen binding capacity. 
This was done by consecutive precipitations performed 
from cell culture supernatants that had been adjusted to 
contain approximately the same amount and concentra- 
tion of H chains. As expected, all wild-type H chains were 
secreted as completely assembled H2L2 antibody mole- 
cules and were quantitatively isolated by a single round 
of NP-Sepharose treatment (Figure 6A, lane b), indicating 
a correct assembly of H and L chains. A different result 
was obtained from the analysis of the J556L.y3.ACH1 cell 
culture supernatant. The same amount of NP-Sepharose 
that was sufficient to isolate all wild-type antibodies did not 
precipitate all of the NP-binding mutant molecules (Figure 
6B, lane b) since a subsequent addition of NP-Sepharose 
to the remaining fraction still isolated y3.AC~i and IlL 
chains, although to a minor extent (Figure 6B, lane c). 
Furthermore, the subsequent use of protein A-Sepharose 
which binds to the Fc portion of IgG molecules revealed 
remaining H chains that were also associated with L chains 
(Figure 6B, lane d). These findings indicate that the popu- 
lation of molecules assembled from Lchains and 73.8&l 
chains is not homogenous with respect to antigen binding. 
A very similar result was obtained by the analysis of the 
molecules secreted by the J556L.y3.Cnl -. CH3 cells (Fig- 
ure 6C, lanes b-d). It has to be emphasized that approxi- 
mately equal amounts of H chain-bound L chains were 
recovered in the NP-binding and nonbinding fractions of 
both mutants (Figures 6B and 6C, compare lanes b and 
d). If all mutant antibodies had the same low affinity for the 
hapten, all NP-Sepharose precipitations should isolate 
approximately the same percentage of remaining mole- 
cules. Since this was clearly not the case (Figures 66 and 
6C, compare lanes b-d), these results indicate that the 
mutant antibodies split into at least two fractions that ex- 
hibit different NP-binding properties. 
The lack of the CM1 domain could lead to the formation 
of incompletely assembled antibody molecules (Hender- 
shot et al., 1987) with only one antigen binding site. Conse- 
quently, the mutant molecules possibly split into NP- 
binding and nonbinding groups because of different 
avidity. Therefore, it was important to determine whether 
the experimental procedure used to isolate NP-binding 
molecules discriminated between mono- and divalent anti- 
bodies. Using the same protocol, we found that NP-Seph- 
arose also efficiently isolated monovalent anti-NP (I-1-K 
and V186.2 VH domains) F(ab) fragments (data not shown). 
Thus, differences in avidity cannot accountforthe different 
antigen binding patterns observed with wild-type and mu- 
tant antibodies. 
These results indicate that a heterogeneous population 
of assembled antibody molecules in regard to antigen- 
Figure 7. Model to Explain the Role of BiP in Antibody Assembly 
The model includes BiP interaction with L chains (L), with wild-type 
H chains(H), and with a H chain that lacks the CHI domain (HA&l), 
each occurring either as isolated chains or in combination with the 
respective partner chains, as indicated. All immunoglobulin chains 
interact with BiP cotranslationally. Each domain requires home- or 
heterodimer formation to fold and to be released from BiP. H chain 
dimerization is initiated through homodomain dimer formation of the 
CH2 and CH~ domains, respectively, and is stabilized by a covalent 
linkagein the hingeregion.TheGl domain isnotable toform homodo 
main dimers. Thus, in the absence of L chains, wild-type H chains 
form covalent dimers but remain incompletely folded and, as a conse- 
quence, bound to BiP. H chains that lack the Cnl domain can form 
homodomain dimers throughout the complete molecule, including the 
V domains. Therefore, these molecules are released from BiP and are 
exported from the EA. Antibody formation is initiated by pairing of the 
variable domains of H and L chains. This process is controlled by 
the Gl domain, which only subsequently pairs with the CL domain. 
Deletion of the C&l domain results in uncoupling the processof immu- 
noglobulin chain folding from that of immunoglobulin chain assembly. 
According to the result of a random process, uncontrolled assembly 
leads to the formation of functional as well as nonfunctional antibodies. 
Experimental results supporting this model are given in the text. 
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binding affinity is formed and secreted when the H chains 
lack the C&l domain. We conclude that the threedimen- 
sional structure of the antigen binding site of some mutant 
IgG molecules is different from that of the wild-type IgG 
antibodies. The existence of a fraction of mutant antibod- 
ies that is well able to bind NP demonstrates that it is not 
the mutation in the respective H chain per se that affects 
the antigen binding structure formed by the assembled 
chains. 
Discussion 
The correct assembly of IgH and IgL chains is critical for 
one of the important biological functions of antibody mole- 
cules, that is, antigen binding. The data presented here 
allow us to draw several novel conclusions with respect 
to the intracellular folding and assembly processes in- 
volved in correct antibody formation. First, the fact that 
DTT-reduced mutant AC”1 H chains are associated with 
BiP demonstrates that the CH1 domain is not the only BiP- 
binding site of yH chains, which disproves a view widely 
accepted before. Furthermore, the kinetic studies reveal 
that BiP supports IgH chain folding regardless of whether 
they contain a CH~ domain. However, the CH1 domain as- 
sures that H chains remain’ associated with BiP until they 
assemble with L chains. Third, it can be concluded that 
the C”l domain, although it is not required for assembly 
with L chains (Secher et al., 1977; Shulman et al., 1982; 
Hendershot et al. 1987, lgarashi et al., 1990; Valetti et al., 
1991, Hamers-Casterman et al. 1993), is unequivocally 
essential to coordinate the processes of immunoglobulin 
chain assembly and immunoglobulin chain folding, which 
ensures that antibodies with correct antigen binding sites 
are formed. 
We will discuss our data in the context of a model defin- 
ing the general role of BiP in antibody formation (Figure 
7). This concept implies a cotranslational interaction of 
nascent L as well as H chains with BiP, a notion that still 
remains to be proven experimentally. In our model, BiP 
binding stabilizes the CH~ domain in an assembly- 
competent conformation by preventing its premature oxi- 
dation (Knittler et al., 1995) or incorrect folding. Indeed, 
BiP-bound H chains prove to be more sensitive to proteo- 
lytic degradation when compared with H chains released 
from BiP (Cremer et al., 1994), suggesting that BiP-bound 
H chains contain unfolded protease-sensitive portions. 
Furthermore, we found that mutant AC”1 H chains gradu- 
ally loose BiP-binding capacity with progressing chain oxi- 
dation, since only few oxidized monomers but no cova- 
lently linked H chain dimers coprecipitated with BiP. In 
contrast, BiP interacts with all folding intermediates that 
wild-type H chains assume in the absence of L chains, 
including covalently linked H chain dimers. Therefore, it 
is very likely that some structural properties intrinsic to 
the C&l domain prevent H chains from reaching an export- 
competent conformation. 
Furthermore, the model predicts that a CH1 domain 
reaches its correct tertiary structure only by pairing with 
the constant domain of a L chain. However, why should 
a CH1 domain not fold on its own? In fact, the three- 
dimensional structures of the individual immunoglobulin 
domains are very similar in mature antibody molecules, 
in which they occur as domain dimers (Amzel and Poljak, 
1979). We, therefore, hypothesize that certain immuno- 
globulin chain domains require dimer formation for folding. 
This is supported by our finding that L chains that cannot 
form homodimers are not secreted in the absence of H 
chains and remain bound to BiP as partially oxidized mole- 
cules (Knittler et al., 1995; M. Ft. Knittler and I. G. H., 
unpublished data). In contrast, IgL chains that assemble 
into covalent or noncovalent dimers are secreted (Knittler 
and Haas, 1992). Thus, in addition to a transient interac- 
tion with BiP, covalent or noncovalent Lchain dimerization 
is an essential prerequisite of L chain secretion (M. Ft. 
Knittler and 1. G. H., unpublished data). That secreted L 
chains are also recovered as monomers (Masat et al., 
1994) can be explained by a subsequent dissociation of 
noncovalently, linked L chain dimers during the analysis. 
Arguing along these lines, mutant H chains that lack the 
C”l domain could form homodomain dimers throughout 
the molecule involving the individual constant domains 
as well as the VH domains. BiP supports the dimerization 
process and releases a folded mplecule, which is then 
secreted. From this angle, a C,,l domain would only differ 
from other immunoglobulin domains in that it is unable to 
pair with itself. Consequently, BiP remains associated with 
incompletely folded C&l domains, until they are allowed 
to pair with L chain constant domains. 
In our model, removal of the C,,l domain would uncouple 
the processes of H chain folding from L chain association. 
As a consequence, assembly with L chains can occur at 
each timepoint of IgH chain folding, which causes the for- 
mation of a heterogeneous population of assembled im- 
munoglobulin chains; some of these chains already aggre- 
gate inside the ER, whereas others are secreted either as 
functional or as nonfunctional antibody molecules. Evi- 
dently, mutant antibodies that lack the CH1 domain display 
a three-dimensional structure that is different from that of 
wild-type molecules (Igarashi et al., 1990). However, it is 
not the mutation carried by the H chains per se that ob- 
structs the antigen binding site, because a mutation that 
replaces the CH1 domain by a CH3 domain shows qualita- 
tively the same results. Although we did not directly mea- 
sure the affinity constants of wild-type and mutant IgG 
to antigen, stepwise precipitation experiments performed 
with the two structurally different mutants showed that ap- 
proximately half of the secreted antibodies were thor- 
oughly able to bind antigen. From these findings, it is 
evident that a homogeneous population of functional anti- 
body molecules is only created if the two processes of 
immunoglobulin chain folding and immunoglobulin chain 
assembly are coupled, which is assured by the binding of 
the CH1 domain to BiP. These data also reveal that the 
C&3 domain is not able to functionally replace the CH1 
domain, most likely because it can form homodomain di- 
mers and fold on its own. 
Our view is inconsistent with the established concept 
that immunoglobulin chain domains represent autono- 
mous folding units (Chothia et al., 1985). This notion was 
based upon in vitro refolding studies performed with poly- 
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peptide chain segments corresponding to variable or con- 
stant domains (Hochman et al., 1973; Goto and Hama- 
guchi, 1982). However, these data could not have 
excluded the possiblity that homodimer formation accom- 
panies refolding of the individual domains. In contrast, the 
fact that a VH region can determine whether a p H chain 
covalently associates with the surrogate L chain compo- 
nent X5 supports our hypothesis (Keyna et al., 1995). 
Finally, our data provide evidence that immunoglobulin 
chain assembly does not always lead to the formation of 
antibody molecules that are functional with respect to anti- 
gen binding. More importantly, they show that the quality 
control system supposed to act in the ER (Hurtley et al. 
1989; de Silva et al., 1990) obviously allows the export of 
oligomeric structures that exhibit different conformations 
despite the fact that they contain identical subunits. How- 
ever, if this control acts at the level of polypeptide chain 
folding, then oligomers are subjected to the quality control 
machinery only if assembly confers folding competence 
to the individual chains. 
Experimental Procedures 
Construction of Ii Chain-Encoding Expression Vectors 
The expression vector py3, provided by T. Simon (Enhvicklungslabor 
fiir Immunoassays, Freiburg, Federal Republic of Germany), contains 
the muriney3H chain constant region gene with the rearranged V166.2 
variable region gene segment,(Reth et al., 1976) under the control of 
the IgH chain enhancedpromotor in a pSV2gpt backbone (Allen et al., 
1966). When paired with murine 51 L chains these H chains give rise 
to antibodies reacting with the hapten NP (Reth et al., 1976). py3.ACHl 
encodes a y3H chain bearing the V166.2 VH domain but lacking a &I 
domain. To construct PA&I, a 4.1 kb Sall-Xbal fragment encoding 
nearly the entire y3H chain constant region was isolated from py3. 
The remaining expression vector fragment was later used to reinsert 
the truncated H chain constant region. To remove the &I domain- 
encoding portion, the 4.1 kb fragment was subcloned into pBluescript 
II KS(+) (Stratagene, La Jolla, California). To gain additional restriction 
sites, a 3.1 kb HgiAl-Xbal fragment was isolated from this construct 
and cloned again into pBluescript II KS(+). In this process, the HgiAl 
site was blunt-ended and ligated to a blunt-ended BamHl site of the 
polylinker, resulting in the destruction of the HgiAl site and the reconsti- 
tution of the BamHl site. Finally, a 3.1 kb Sall-Xbal fragment was 
excised from this construct and recloned into the remaining expression 
vector mentioned above. py3.CHl +CH3encodesay3H chain in which 
the &I domain is replaced by a C&3 domain of the same H chain 
isotype. The Cn3 domain-encoding region was taken as a443 bp Pstl- 
Aval fragment from py3, blunt-ended, and cloned into the BamHI- 
opened and blunt-ended vector py3.AC,l. The identity of the se- 
quence inserted into the vector was confirmed by DNA sequencing. 
Cell Culture snd DNA Tmnstectlons 
J556L (U; Oi et al., 1963), the hybridoma H62 (no immunoglobulin; 
Haas and Wabl, 1964) and the rat myeloma YB2/0 (no immuncglobu- 
lin; KilmarIin et al., 1962) were grown in RPM1 1640 supplemented as 
described (Knittler and Haas, 1992). Transfections and selection of 
stable cell lines were performed according to Allen et al. (1966). 
Cytoplasmlc Staining of lmmunoglobulln Chains 
Cells were dried on slides and fixed by incubation in ethanol/acetic 
acid (19:l vhr; 20 min; -20°C). After incubating the cells in phosphate- 
buffered saline (PBS), H chains, L chains, or both were stained with 
FITC- or TRITC-labeled affinity purified goat anti-mouse antibodies 
specific to y3H or to liL chains (Southern Biotechnology Associates, 
Birmingham, Alabama). 
Blosynthetlc Lsbellng, Immunopreclpltstlons, snd SDS 
Polyscrylemlds l3el Anslysis 
Biosynthetic labeling with mjmethionine was performed as described 
earlier (Knittler and Haas, 1992). For pulse-chase experiments, 1 mM 
or 5 mM DlT was added during the IO min pulse labeling of the cells. 
The chase was initiated by washing and incubating the cells in chase 
medium containing indicated concentrations of D?T, 2 mM unlabeled 
methionine. and 0.2 mM cycloheximide. At diirent timepoints of the 
chase, cells were washed in PBS containing 20 mM N+thyl-maleimide 
(NEM) prior to their solubilization in low salt lysis buffer (0.5% NP40 
in 50 mM NaCI, 2.7 mM KCI, 6.1 mM N&HPO,, 1.5 mM KH.PO,, 20 
mM NEM [pH 7.41). Incubation of the lysates with 5 mM M@-ATP 
occurred for 30 min at 4OC in the presence of 1 mM EGTA@H 6.0) and 
5 mM MgC&. lmmunoprecipitatiin of BiP or IgH chains from equivalent 
amounts of lysates was performed by adding one volume of immu- 
noabsorbant buffer (200 mM HsBOs, 50 mM N&B& 50 mM NaCI, 
1% NP40,0.1% ovalbumin [pH 6.31) and using either moncclonal rat 
antibody to BiP (Bole el al., 1966) in combination with monoclonal 
mouse anti-rat K (MARK-l; Bazin et al., 1964) coupled to CNBr- 
activated Sepharose CL4B, or affinity purified goat antibodies lo 
mouse y3H chains (Southern Biotechnology Associates, Birminham, 
Alabama) in wmbination with protein A-Sepharose. Precipitated ma- 
terial was washed in 100 mM HJBOs, 25 mM N&B&, 50 mM NaCI, 
0.5% NP40 (pH 6.3) followed by 40 mM HEPES (pH 6.0). Analysis of 
the radiolabeled proteins by SDS-PAGE and fluorography was per- 
formed as described (Knittler and Haas, 1992). 
Western Blot Analysls 
PBS-washed cells were lysed (IO’ cells/ml) in NET buffer (150 mM 
NaCI, 5 mM EDTA, 0.5% NP40, 50 mM Tris-HCI [pH 7.4)) and the 
insoluble material was separated by centrifugation (5 min at 12000 x 
g). For isolation of NP-binding molecules and subsequent isolation of 
H chains, NP-caproate coupled to Sephaross (NP-Sepharose) (a gift 
of T. Simon, Entwicklungslabor for Immunoassays, Freiburg. Ger- 
many) and protein A-Sepharose CL48 (Phannacia, Uppsala, Sweden) 
were consecutively incubated for 1 hr at 4OC with cell culture superna- 
tants adjusted to contain 1 pg of the respective immunoglobulin in 
identical volumes. Sepharose pellets were washed in 46 mM HEPES 
(pH 6.0). I.1 L chains or monovalent F&fragments prepared from IgGl 
antibodies bearing the Bl.6 idiotype (Cumano and Rajewsky, 1965; 
a gift of T. Simon) were analyxed in the same way, except that protein 
A-Sepharose was used in combination with goat anti-mouse 5 antis8 
rum. Western blot analysiswas performed as described before (Kniltler 
and Haas, 1992). 
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